Probabilistic impact of charging plug-in electric vehicles on the electric energy distribution systems by Assolami, Yasser
Probabilistic Impact of Charging Plug-In Electric Vehicles on the Electric Energy 





A Thesis Submitted in Partial Fulfillment  
of the Requirements for the Degree of  
 
 




 The Faculty of Engineering and Applied Science 
 





University of Ontario Institute of Technology 
 
February 2016 







The electric power grid including generation, transmission, and distribution system usually 
serving the loads in the consumer’s side through distribution transformers. Generally, 
increasing the demand requires increasing the supply and therefore any increasing in the 
consumer’s side must be covered and delivered by the supply. The distribution 
transformers are serving the existing residential loads and hence any increase in the power 
demand must be supplied by that distribution transformers. Since charging these vehicles 
may have negative impacts on the distribution transformer’s insulation life, the work 
presented here looks into the probabilistic assessment of the impact of charging plug-in 
electric vehicles on the distribution transformer’ life time. This thesis also considers the 
effect of time of use price (TOU) and different charging levels. The results reveal that 
charging the vehicles as two clusters may significantly reduce the loss-of-life of the 
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In the past few years, the transportation sector has been witnessing a transformation 
from vehicles that rely only on gasoline to vehicles that can rely on electricity. The main 
reasons of this paradigm shift in the transportation sector are due to the Canadian 
government efforts in addressing the global warming and to reducing the reliance on 
imported oil [1]. Starting from the year 2010, the Ministry of Transportation in Ontario, 
Canada has launched the electric vehicles (EVs) incentive program [2], in which the 
consumers enrolled in this program will be eligible to receive special offers ranging from 
$ 5,000 to $ 8,500 when they lease or purchase of Plug-in Battery Electric Vehicles 
(PBEVs) or plug-in hybrid electric vehicles (PHEVs). Also according to the Electric 
Vehicle Technology Roadmap for Canada [3] it is expected that by 2018 there will be 
500,000 plug-in electric vehicles (PEVs) on the Canadian roads. From an electric power 
distribution system (EPDS) perspective, these PBEVs or PHEVs are considered an 
additional load which must be covered by the distribution transformers. PBEVs use only 
electricity for propulsion through an onboard battery and an electric motor. The first 
generation of PBEVs is characterized by the limited electric driving range (EDR) due to 
the limited capacity of the onboard batteries. For example, in 2011 Nissan launched its first 
PBEV known as Leading, Environmentally friendly, Affordable, Family car (LEAF) with 
EDR of 73 miles (117 km) as rated by the United States Environmental Protection Agency 
(EPA) [4].  From a customer’s perspective, the EDR autonomy represents the main factor 




In response to the customers’ concerns, several manufacturing companies launched the 
second generation PBEVs and several automakers have extended the EDR by increasing 
the battery capacity. In order to alleviate the EDR anxiety concern, Nissan has extended 
the EDR of their vehicles to be 84 miles (140 km) and also Tesla has launched the S model 
with EDR [265 miles (426 km)] [5]. As a result, PBEVs’ sales in the United Sates have 
peaked in 2013 and 2014 to reach 52,810 and 34,950 vehicles for second generation of 
Nissan LEAF and Tesla S [6], respectively. Also the forecasted annual PEV sales in 
Canada is depicted in Fig.1.1 [7] and it shows the sales of the top five provinces from 2012 
till 2020. It can be noticed from the figure that by the year 2020 there will be around 45,000 
electric vehicles on the road in province of Ontario only and in total there will be 108,000 

























1.2 Problem Statement and Motivation 
An electric power distribution system (EPDS) starts from the distribution substation 
and ends at the consumer’s level involving primary and secondary system. The primary 
system delivers the power from the distribution substation (power substation), which is 
connected with the high voltage transmission lines, into the secondary system through the 
distribution feeders as shown in Fig.1.2 [8]. The secondary system then reduces the 
received voltage from the primary system (i.e., 4.16 kV - 35 kV) into the voltage (120V/240 
V) at the consumer’s level through center tapped distribution transformer. It is necessary 
to model the secondary system because PBEVs charging is expected to occur at the 
residential sector. The best approach to evaluate the impact of charging second generation 
PBEVs on transformer’s LOL is to add PBEVs load to the existing residential load and 
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From an EPDS perspective, PBEVs generally represent an additional load that must be 
supplied by the distribution transformers (center tapped transformers) already serving 
existing loads. Second generation PBEVs are characterized by the extended EDR 
compared to the first generation PBEVs due to the increased capacity of their onboard 
batteries (e.g., 85 kWh in case of Tesla S) compared to first generation (e.g., 53 kWh in 
case of Tesla Roadster). Because the increased capacity of the onboard batteries, the energy 
required from the grid increases which may increases the thermal loading on distribution 
transformers and hence may reduce their insulation lifetime. 
Most of the previous studies investigating the impact of PEVs on distribution 
transformers only focused on first generation PBEVs [9-18] without considering the effect 
of second generation PBEVs that are characterized by the extended electric driving range. 
As there is an increased interest in extending the electric driving range of plug-in battery 
electric vehicles, the battery capacity increases and therefore the energy required by the 
on-board battery increases. This change may cause more impact on distribution 
transformers in terms of reducing its insulation lifetime and hence leading to premature 
replacement of the distribution transformers. Therefore there is a dire need to assess the 
loss-of-life (LOL) of the distribution transformer which is addressed in this thesis when 
considering the charging demand of second generation PBEVs. 
Also most of the studies in the literature focused on low power chargers (either level 1 
rated 1.4 kW or level 2 rated 3.7 kW) and therefore there is a need to consider level 2 
charging at the residential with high power ratings to assess its impact on the distribution 






Moreover, a detailed model of the secondary distribution system which is commonly used 
in North America to feed residential homes was not considered in most of the previous 
work. Therefore there is a need to incorporate a detailed model of the typical secondary 
distribution system when studying the effect of second generation PBEVs charging on 
distribution transformer’s lifetime.  
In the literature, only few studies have addressed the stochastic nature of the problem which 
is due to the uncertainties associated with PEVs charging, however, all these few studies 
only focused on investigating the transformer overload without including its LOL.  
Fig.1.3 [9] depicts the prices of off-peak, mid-peak, and on-peak demands from 2006 to 
2015 in Ontario, Canada. It can be inferred from the figure that looking at the prices of 
mid-peak and during on-peak over the last three years, there is an increasing trend in the 
electricity prices which may motivate most home owners to change their charging 
behaviour following the Time-of-use rates (TOU). Therefore, there is a need to assess the 
impact of TOU on LOL since most home owners will follow the TOU rates when charging 








Fig.1.3: Time of Used Price in Canada, Ontario from 2006 to 2015 [9]. 
1.3 Contributions 
Following the discussed motivations in the previous subsection, it can be concluded 
that the impact of second generation PBEV, which is expected to dominate in response to 
customers’ concerns, has not been fully investigated.  
The main contributions of this thesis can be outlined in the following: 
1) This thesis presents a probabilistic approach to quantify the impact of second 
generation PBEVs’ charging on the distribution transformers in terms of 
transformer’s insulation aging and estimating the transformer LOL using Monte 
Carlo (MC).  
2) The work presented in this thesis also considers both 25 kVA and 50 kVA 
distribution transformers by introducing a complete secondary distribution system 
(SDS) model including service lines (SLs) and service drops (SDs) and hence 




connected. This allows better estimation of PBEVs’ charging demand at the 
distribution transformer level. 
3) This thesis also considers level 2 charging rated 3.7 kW and 6.6 kW which are 
commonly used in North American residential sector. 
4) This work also assesses the effect of time-of-use (TOU) prices on the LOL of 
distribution transformers and the effect of second generation PBEVs’ charging as 
one cluster versus two clusters. 
1.4 Thesis Organization  
The work presented in this thesis is organized as follows:  
Chapter 1 presents the significance of integrating the electric vehicles into the 
electric distribution system followed by a description of the problem of evaluating the 
impact of second generation PBEVs on LOL and the need to conduct such studies. Finally, 
the major contribution of this thesis is outlined.   
 
Chapter 2 presents an overview of the previous works on investigating the impact 
of plug in electric vehicles (PEVs) on the distribution transformers in the electric 
distribution system. This chapter highlights the impacts of first generation PBEVs on 
transformer’s overloading and LOL followed by identifying the main research gap. 
 
Chapter 3 focuses on EPDS modeling including the primary and secondary system 
starting from the substation and ending at the consumer’s level. This chapter also discusses 





Chapter 4 presents the thermal model of the distribution transformers considered 
in this thesis in order to properly investigate its life time by presenting the mathematical 
calculation of transformer hot-spot temperature followed by LOL calculations. 
  
Chapter 5 introduces the fundamentals of MC method which is used in this work 
to estimate the second generation PBEVs charging demand at the distribution system level. 
This chapter also presents the different charging scenarios considered in this thesis and 
outlines all the steps needed to perform MC simulation. 
 
Chapter 6 analyzes the results of applying MC simulation in evaluating the impact 
of second generation PBEVs charging on the distribution transformer’ insulation life. This 
chapter started by discussing the impact of second generation PBEVs, then different 
charging scenarios are analysed, and finally a discussion is introduced.  
 
Finally, the conclusion was drawn from this work and the recommendations are 











2. Literature Review 
2.1 Introduction 
The purpose of this chapter is to present an overview of the previous work on 
investigating the impact of plug in electric vehicles (PEVs) on the distribution transformers 
in the electric distribution system. Most of the presented work in the literature focused on 
assessing the impact of the first generation plug in battery electric vehicles (PBEVs) on 
distribution transformers, in particular distribution transformer’s overload and loss of life 
(LOL). Therefore, this chapter starts by outlining the recent progress pertaining to the 
potential of first generation PEVs to cause overload of distribution transformers followed 
by the effect on distribution transformer’ insulation lifetime and finally a summary 
highlighting the main research gap is presented. 
2.2 Impact of First Generation Vehicles on Transformer Overloading  
Studies [10]–[12] focused on assessing the impact of plug-in hybrid electric vehicles 
(PHEVs) on distribution transformers. The analysis was limited to quantify the number of 
distribution transformers experiencing overload during a typical day which has raised a red 
flag regarding the number of distribution transformers that may experience overload during 
the hours at which PHEVs are charging. However, these studies considered only the effect 
of PHEVs without considering the effect of plug-in battery electric vehicles (PBEVs). 
Since PBEVs do not contain an Internal Combustion (IC) engine, therefore they may 
increase the demand on distribution transformers when charged from the electric power 
grid in the residential homes which will increase the thermal loading on distribution 
transformers.  




presented. The study only included the effect on the total demand without quantifying the 
effect on the distribution transformer which is considered the most susceptible component 
to be affected by increasing the penetration levels of electric vehicles. Also the study 
assumed that all the vehicles start charging according to home arrival which means all the 
home owners start charging their vehicles once they return home and therefore they would 
not be able to take the advantage of the reduced electricity rates offered through the time 
of use price (TOU) [9].  
Moses et al. [14] evaluated the impact of PHEVs on distribution transformer overload. 
The analysis in this study was limited to model the primary distribution system (PDS) 
without including the secondary distribution system (SDS) in more details such as service 
line (SLs) and service drop (SDs) which are needed since the charging is expected to occur 
at the residential homes. Despite the low PEVs penetrations considered in the study, a 
significant increase in transformer overload was reported. 
In [15], the authors studied the impact of PHEVs on distribution transformers overload. 
The study considered 25 kVA and 50 kVA distribution transformers and the analysis was 
only limited to investigate the transformer overload without assessing the impact on the 
transformer insulation life time. Also the study included only the effect of PHEVs but 
without considering the effect of PBEVs which may result into more overloads to 
distribution transformers or the thermal effect on the distribution transformer’ insulation 
life. The study in [15] also assumed that all vehicles will start charging once they return 
home from work which may not be a realistic assumption since most home owners will try 
to take advantage of the reduced time of use prices during the off-peak hours according to 




percentage state of charge of the battery can be computed based on the following formula:  
                                  SOC = (1 −
d ×e
E
×  100 %, 30%)                                            (2.2.1) 
where  SOC represents the percentage state of charge of the battery, 𝑑 represents the daily 
distance travelled by PHEVs in miles, 𝑒 represents the energy consumption in kWh/mile, 
and E represents the battery capacity in kWh. However, this study was mainly focused on 
addressing the impact of PHEVs when the minimum state of charge was set to 30 % without 
including the impact of PBEVs when the minimum state of charge assumed to be 5 %. 
Study [15] considered the modeling of the secondary distribution systems besides 
addressing the diversity of uncontrolled charging of PHEVs and therefore it is found that 
they can be detrimental to the distribution transformers.  
The authors in [16] proposed a more deterministic approach to evaluate the impact of first 
generation PBEVs and PHEVs on distribution transformer overload. The study in [16] 
assumed that all the vehicles start charging according to the on-peak and the off- peak 
periods. For example, it is assumed that 85% of PHEVs charge at off-peak hours. However, 
this assumption may be too far from being realistic because some home owners may prefer 
to start charging once they return home. Also the study only assumed that all vehicles are 
charged at public charging stations but without addressing the residential charging that may 
cause more impact on the distribution transformers feeding the residential homes.  
The work presented in [17] focused on quantifying the impact of PEVs on the thermal 
loading of distribution transformers. The study proposed a probabilistic method to address 
the uncertainty that are associated with first generation PBEVs and PHEVs without 




Papadopoulos et al. [17] assumed that the daily distance travelled of the vehicles is twenty 
minutes based on the average daily trip in the UK over the last thirty years which may not 
be considered a good estimate of the remaining battery state of charge and hence offsetting 
PEVs charging demand. Also the study assumed that all the home owners will arrive at 6 
pm which may not be representative of the actual home arrival time that takes into 
consideration the diversity in home arrival time of home owners. The study in [17] only 
considered the effect of first generation PBEVs that are characterized by the limited electric 
driving range without assessing second generation PBEVs which have an extended electric 
driving range due to the increased battery capacity. Finally, the study found that the 
distribution transformers will be overloaded for all PEVs penetration levels and the 
probability of having normal operation was less than 5 %. In [18] the authors focused on 
assessing the impact of PEVs on the main substation transformer feeding the primary 
distribution circuit. The study considered the effect of PHEVs on main substation 
transformer overloading without including the effect on the distribution transformers 
feeding the secondary distribution system. Because distribution transformers are directly 
feeding the residential homes at which most of the electric vehicles charging is taking 
place, they may be more impacted compared to the main substation which is typically 
oversized. The study concluded that increasing PEVs penetration levels increases the 
loading on distribution transformers which may overtake their ratings.  
From the work presented earlier, it is evident that most of the studies focused only on first 
generation PBEVs which have limited battery capacity and the studies only assessed the 
impact on distribution transformer in terms of overload. Since the required energy by 




second generation PBEVs may cause more impact on distribution transformer by reducing 
their insulation lifetime which may lead to pre-mature replacement. 
2.3 Impact of First Generation Vehicles on Transformer’ Insulation Lifetime     
The study in [19] focused on investigating the impact of PEVs on the aging of 
distribution transformers. Yunus et al. [19] studied the impact on the aging of the 
distribution transformers by focusing only on the effect of the hottest spot temperature and 
the accelerated aging factor without addressing the transformer’s LOL which is considered 
a significant factor in evaluating the transformer’s insulation lifetime. The authors in [19]  
focused on modeling the stochastic nature of integrating the electric vehicles in more 
details but without considering the effect of TOU which may be considered an important 
factor for many home’s owners who want to take the advantage of the reduced electricity 
rates. In [19] , the study also assumed that the vehicle’s owners driving behaviors roughly 
follow the normally distribution curve which is not a realistic assumption since the distance 
driven and home arrival time are not stationary factors. The study only considered the effect 
of first generation PBEVs with maximum battery capacity of 55 kWh in case of Tesla 
Roadster. However, the effect of second generation PBEV with extended electric driving 










In this study, the authors assumed four classes of vehicles as it can be seen in table 2.1 
and based on the classes the penetration level of PEVs can be determined using the 
following formula: 
                                    ∑ Pi = P1 + P2 + P3 + P4 = PPEV
4
i=1                                        (2.3.1) 
where Pi represents the percentage of PEVs in each vehicle class and by summing the 
percentages, the total penetration level of PEVs can be determined.  
Table 2.1: Vehicle Class Definition [10]. 
Vehicle Class Description % of PEV 
1 Compact Passenger Cars P1 
2 Full Size Passenger Cars P2 
3 Medium Size SUV and Pick-up trucks P3 
4 Large Size SUV and Pick-up trucks P4 
 
The results from [19] have shown that the least impact on distribution transformer overload 
can be achieved when PEVs start charging at the times the distribution system is lightly 
loaded.  
In [20], a probabilistic Monte Carlo approach is presented to investigate the impact of the 
stochastic model of charging first generation PHEVs and PBEVs on the distribution 
transformer’s insulation life. The study considered the impact on 25 kVA distribution 
transformer’s insulation life without including the effect on 50 kVA transformer which can 
serve 10 customers instead of 6 in case of 25 kVA.  
Also the analysis in [20] was limited to use level 2 charging of 6.6 kW without including 




transform’s insulation lifetime. 
Gong et al. [20] used six vehicles consisting of Chevy Volt (first generation PHEVs, 16 
kWh) and Nissan Leaf (first generation PBEVs, 24 kWh) but without addressing the effect 
of the second generation PBEVs such as Tesla Model S with 85 kWh and Toyota RAVEV 
with 41.8 kWh which may have more impact on the transformer’s insulation lifetime. The 
study in [20] also assumed different start time to charge the vehicles but without 
considering the TOU prices. From [20] it was reported that the winding hottest spot 
temperature has high influence on the transformer insulation aging.  
The study in [21] presented a deterministic approach to evaluate the effect of charging 
PHEVs and PBEVs on distribution transformer’s LOL assessment. The study only 
considered the base load, electric vehicles loads, and transformer’s thermal models without 
introducing a complete model of either primary or secondary electric distribution system 
(EDS) and hence the accuracy of the results obtained may be questionable. Also the study 
in [21] assumed that all the vehicles can start charging at fixed hours which may not be 
considered suitable for the home’ owners who prefer to start charging once they return 
home. In [21], the daily distance driven and home arrival time were given specific values. 
For example, in case of first generation PBEVs Nissan Leaf, it was assumed that the daily 
driving distance (from work to shop to home) was 9.2 miles while the home arrival was 
assumed to be at 5 pm based on the peak load. Having fixed values for the distance travelled 
and the home arrival time result into an undiversified charging demand which may be 
considered too far from realistic.  
Also the study only considered level 2 (3.7 kW) charging without including level 2 (6.6 




impact on the distribution transformers which may lead to fast degradation of its insulation 
life. Therefore, it can be noticed from [21] that when all electric vehicles are charged at 
high penetration levels, transformer’s LOL increased by 10,000 times which may reduce 
the lifetime of the distribution transformers.     
Geiles and Islam [22] studied the effect of PBEVs on the transformer’s LOL. The study 
proposed a deterministic approach to evaluate the impact of first generation PBEVs on 
distribution transformer’s LOL. The proposed deterministic approach in [22] did not take 
into consideration the stochastic nature resulted from electric vehicles charging which is 
due to the uncertainties associated with the daily driving distance and charging time. Geiles 
et al. [22] studied the impact of first generation PBEVs, specifically the 2012 models of 
Nissan Leaf (24 kWh) and Tesla Roadster (53 kWh) without including the effect of second 
generation PBEVs which may reduce the insulation lifetime of the transformer.  
The study in [23] assessed the impact of different penetration levels of first generation 
PBEVs on the thermal aging of distribution transformers. Although the study focused on 
addressing the effect of high penetration levels of first generation PBEVs, the effect of 
second generation PBEVs was not considered which may have more impact on distribution 
transformer’s life due to the increased capacity of the onboard batteries compared to first 
generation PBEVs. Also the work in [23] was based on several  assumptions among which 
the daily distance travelled was assumed to follow a log-normal distribution and from 
which the battery state of charge (SOC) was computed based on the following formula:                                              
                                            𝐸𝑖 = (1 −
∝ ∗𝑑
𝑑𝑅
) ∗ 100 %                                                (2.3.2) 




the number of days during which the vehicle has travelled since last charge, and 𝑑𝑅 
represents the maximum electric driving range. However, the assumption of driving 
distance to be modeled as log-normal distribution may not be applicable to North America 
and hence the charging demand of the electric vehicles in [23] may not be applicable which 
may affect the transformer’s LOL results. It is found from [23] that the transformer’s LOL 
mainly depends on the actual values of load and temperature in each instant of time and 
also the results have shown that when the penetration levels of PEVs are less than 10 % 
they are not detrimental to the transformer’ life.   
In [24], numerical analysis methods were used to obtain an approach to mitigate the impact 
of plug-in electric vehicles on distribution transformer’s LOL. The study considered the 
effect of PHEVs without including the effect of PBEVs which does not have an IC engine, 
and therefore they may require more energy from the grid which may increase the effect 
on transformer’ LOL.  
Aravinthan et al. [24]  considered the effect of level 1 charging, 1.4 kW and level 2 
charging, 3.7 kW without addressing the impact of level 2 charging, 6.6 kW which may 
cause more impact on transformer’s insulation life. The analysis presented in [24] was only 
limited to the primary distribution system without modeling the secondary distribution 
system which is typically used in North America to feed power to residential homes at 








Gray et al. [1] investigated the impact of both PHEV and PBEV on distribution 
transformers. The study considered 25 kVA and 50 kVA distribution transformers and the 
analysis was mainly limited to investigate the impact of the first generation PBEVs. The 
analysis presented in [1] was based on a Monte Carlo (MC) approach to model the 
stochastic nature of PEVs by assuming that all the vehicles start charging once they get 
home which may not provide an opportunity for home’s owners to take the advantage of 
TOU during the off-peak period. Also the study considered the effect of 50 % penetration 
level without including 100 % penetration levels which may significantly increase the 
impact on transformer’s LOL. The study in [1] considered level 1 and level 2 charging, 1.4 
kW, 3.7 kW without considering level 2 charging, 6.6 kW which may reduce the insulation 
lifetime of the distribution transformers. Furthermore the maximum battery capacity used 
in [1] for first generation PBEVs was 24 kWh which provides only 160 miles, however, 
the study did not consider the effect of second generation PBEVs which may cause faster 
degradation to the transformer’s insulation life due to the extended electric range of larger 
battery capacity. The results from study [1] revealed that when the electric vehicles are 
charged, 25 kVA transformers experience almost double the overload compared to 50 kVA 
transformers. Also it is found that when PEVs penetration levels increase up to 50 % the 
overloading will increase by one half and one third of the 25 kVA and 50 kVA transformers 
ratings respectively.  
Hilshey et al. [25] discussed the impact of PEVs on the distribution transformer aging using 
MC simulation. The study considered the effect on 25 kVA distribution transformer’ s LOL 
without including the effect on 50 KVA transformer’s LOL which may serve more 




the effect of first generation PBEVs and PHEVs without considering the effect of second 
generation PBEVs which may increase the transformer’s LOL. Moreover, the study did 
not consider detailed models of primary or a secondary distribution systems which are 
needed to accurately estimate the impact of PEVs charging demand on the distribution 
transformer feeding residential homes.  
The work in [26] presented a deterministic approach to investigate the impact of PEVs on 
distribution transformer’ LOL. The study considered the effect of PHEVs and PBEVs 
without assessing the impact that may be due to second generation PBEVs in terms of 
transformer’s insulation lifetime. The complete model of the electric power distribution 
system including the primary and secondary system was not included in [26]  and therefore 
the LOL results were only based on a synthetic charging demand and not an accurate model 
that takes into consideration all the parameters affecting the operation of the electric power 
distribution system.   
2.4 Identified Research Gap   
From reviewing the literature, it can be inferred that the problem of assessing the impact 
of PEVs on the distribution transformer’s insulation life involves many attributes such as 
the distribution system models, transformer’s size, PBEVs charging demand, TOU, and the 
charging levels in residential homes.  
Table 2.1 lists an overview of the previous work discussing the impact of the electric 







Each entry in the table is checked either with ‘’ or ‘x’ denoting whether the reference has 
or has not included the problems’ aspect respectively.   
Table 2.2: Overview of the Previous Studies Investigating the Impact of the Electric 
Vehicles on the Aging of the Distribution Transformers. 
 
Most of the studies in previous work focused only on assessing the impact of first 
generation PBEVs without considering the effect of second generation PBEVs.  
As there is an increased interest in extending the electric driving range of plug-in battery 
electric vehicles, the battery capacity increases and therefore the energy required by the 
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on-board battery increases. This change may cause more impact on distribution 
transformers in terms of reducing its insulation lifetime and hence leading to premature 
replacement. Therefore, there is a dire need to assess LOL of distribution transformer when 
considering the charging demand of second generation PBEVs.  
Moreover, most of the studies did not consider a detailed model of secondary distribution 
system which is commonly used in North America to feed residential homes at which PEVs 
charging takes place and therefore there is a need to incorporate a detailed model of 
secondary distribution system when studying the effect of second generation PBEVs 
charging on distribution transformer’s lifetime.  
Second generation PBEVs are characterized by the extended electric driving range due to 
the increased battery capacity. In order to avoid prolonged charging duration to fully charge 
the battery, the rated power of level 2 chargers has been increased from 3.7 kW to 6.6 kW. 
Most of the studies in the literature focused on low power chargers (either level 1 rated 1.4 
kW or level 2 rated 3.7 kW) and therefore there is a need to consider level 2 charging with 
high power ratings to assess its impact on the distribution transformer’ insulation life when 
charging second generation PBEVs in residential homes. 
2.5 Summary  
In the literature, several studies have been conducted to investigate the impact of first 
generation PBEVs which are characterized by the limited electric driving range on the 
distribution transformers. The analysis presented in most of the previous work focused on 
assessing the impact of first generation PBEVs on transformer’s overload and trying to 
estimate the LOL. On the other hand, second generation PBEVs with extended electric 




transformer, however to the best  knowledge of the author this assessment has not been 
considered in the literature.  
Also the literature has shown that several studies have looked into the effect of level 1 and 
level 2 charging rated at 1.4 kW and 3.7 kW respectively on the aging of distribution 
transformers. However most of these studies did not consider the effect of higher power 
chargers such as level 2 rated at 6.6 kW which may lead to faster degradation of 
transformer’s insulation. Most of the relevant studies did not consider the effect of charging 
start time which may have different impacts on the transformer’s LOL and therefore there 
is a need to incorporate the effect of TOU prices to assess the impact of different charging 
start time on the distribution transformer’s thermal characteristics.  
The literature also revealed that both deterministic and probabilistic power flow approaches 
were used in the literature to quantify the impact of PEVs charging on the transformer’s 
LOL. Only few studies have addressed the stochastic nature of the problem which is due 
to the uncertainties associated with PEVs charging such as the daily distance traveled and 
home arrival time. Despite these studies have used MC, most of the analysis presented was 
based on synthetic charging demand of PEVs due to the lack of a detailed model of 
secondary distribution system feeding the residential homes at which charging of PEVs 
takes place.  
In this thesis, the work presented aims to fill the research gap identified earlier by 
incorporating the effect of second generation PBEVs on the distribution transformer’s 
insulation life. The LOL of distribution transformer is used in this work to estimate its 
remaining life time using a probabilistic approach based on MC method to address the 




PEVs charging. The thesis considers 25 kVA and 50 kVA distribution transformers by 
introducing a complete secondary distribution system model including service lines and 
service drops, hence providing a detailed distribution system model from the primary to 
service nodes at which second generation PBEVs are charged in residential homes. Also 
this study includes different vehicle makes to represent second generation PBEVs (e.g., 
Nissan Leaf, Tesla S, and Toyota RAVEV), dual level 2 charging (rated 3.7 kW and 6.6 
kW), and different vehicles penetrations (e.g.,0 % and 100 %) while considering different 
charging start time following the TOU in Ontario, Canada.      
















3. Distribution System Modeling 
3.1 Introduction 
The distribution system typically begins from the distribution substation that is fed by 
one or more sub-transmission lines and ends at the consumer’s meters [27]. In order to 
evaluate the impact of charging the second generation PBEV on the distribution 
transformers, a complete model of the electric distribution systems and electric vehicles 
loads are introduced and developed in this work. In this chapter, more details on modeling 
the electric vehicles loads are discussed and also a brief overview of distribution system 
modeling including primary, and secondary system involving the necessary components is 
presented.  
3.2 Second generation PBEV charging demand   
Second generation PBEVs’ charging demand estimation process involves many 
uncertainties such as charging time and daily distance traveled. In order to estimate the 
charging demand of second generation PBEV in SDS and at the distribution transformer 
level, numerical methods such as Monte Carlo (MC) methods need to be applied which 
can provide probabilistic solution using simulation of random variables. 
According to the available data in National Household Travel Survey (NHTS) 2009 [28], 
the daily distance travelled in miles can be obtained by preprocessing the data in the file 
VEH2PUB.CVS that refers to the vehicles in the datasets. The file contains 61 attributes 
and 309,163 vehicles in which the attribute is labelled ANNMILES according to the 
codebook [29] and indicates the annual distance traveled in miles. The first step is to 
preprocess the data to remove any anomalies (e.g., outliers and missing data) by following 




The next step is to normalize the data by dividing each record by 365 to obtain the daily 
distance traveled (d) in miles. The cumulative distribution function (CDFs) of the daily 
distance traveled in miles is generated using the normalized daily distance data and is 
depicted in Fig. 3.1.   
 
Fig. 3.1: Cumulative Distribution Function (CDF) for Daily Distance Driven. 
For the home arrival times (HAT), the data set in NHTS comprising the file 
DAYV2PUB.CSV, which refers to the trips, contain 1, 04 8, 576 person’s trips and 112 
attributes. For second generation PBEV charging according to HAT, the attributes that are 
labeled as ENDTIME and WHYTO respectively, are considered. The ENDTIME attribute 
describing the return time from any trip is considered and in order to filter out only the data 
relevant to HAT, the attribute WHYTO, which describes the purpose of the trip, is used. A 
value of “1” for WHYTO in the codebook indicates that the trip is to return to home.  
































data are used to develop the corresponding CDFs as shown in Fig. 3.2.   
 
Fig. 3.2: Cumulative Distribution Function (CDF) for Home Arrival Time. 
The energy required from the grid by charging second generation PBEV battery depends 
on the remaining state of charge (SOC) that can be estimated based on the daily distance 
travelled in miles. The flowchart in Fig. 3.3 [1] outlines the steps needed to estimate the 
energy required by PBEV battery given the daily distance traveled (d) in miles, the battery 
capacity (Eb) in kWh, the energy consumption (e) in kWh/mile, and the charger efficiency 
(η). The outlined steps in the flow chart can be exemplified by taking an example in order 
to fully understand the process. Let us consider Tesla S with 𝑑 = 120 miles, Eb=85 kWh, 
and e = 0.38 kWh/mile, following the flow chart the consumed energy is  𝐸𝑐(𝑘𝑊ℎ) = 𝑑 ×
𝑒 = 120 × 0.38 = 45.6 𝑘𝑊ℎ , state of charge is 𝑆𝑂𝐶 = max{(𝐸𝑏 − 𝐸𝑐), (0.05 × 𝐸𝑏)} =
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Fig.3.3: Flowchart to estimate the required energy of the battery [1]. 
3.3 Primary distribution System 
Typically the primary distribution system (PDS) starts from the distribution substation 
that is fed by sub-transmission lines and ends at the distribution transformers as shown in 
Fig.4. The figure illustrates that PDS includes lateral and main feeders. The lateral feeders 
are tapped from the main and they are either single or three phase while the main feeders 





Fig.3.4: One Line Diagram of a Typical Distribution System. 
In order to properly investigate the impact of second generation PBEV on the distribution 
transformers, probabilistic power flow method which rely on MC should be applied. Due 
to the single phase loads in distribution system, higher resistance to reactance (
𝑅
𝑋
) ratio, and 
radial configuration, Newton-Raphson (NR) method that are commonly used in the bulk 
generation-transmission system may not be applicable in distribution system. For 
distribution system power flow, a robust iterative technique namely forward/backward 
method is used which is based on ladder network theory as developed in[27]. This approach 
starts by assuming zero load currents and then calculating the node voltages through a 
forward sweep. Based on the obtained voltages from the forward sweep, a backward sweep 
is applied to solve for the currents. This process continues until the convergence criteria 




forward/backward sweep where abcVLN is the line to neutral phase voltages, and abcI is the 
phase currents, and n and m indicate into upstream and downstream nodes. The transfer 
matrices A, B, C, and D for distribution system components can be computed and 
developed based on system components as shown in Appendix B. For further reading about 
modeling theses matrices the reader can refer to[27].  
                                  nabcnabcmabc IBVLNAVLN ]].[[]].[[                                            (3.3.1)                                                                         
                                mabcabcnabc IDVLNCI ]].[[]].[[][                                   (3.3.2) 
In this thesis, IEEE 34-Bus Standard Test Distribution System [30] (illustrated in Fig.3.5) 
is chosen as a case study from IEEE Power and Energy Society (PES) website where all 
the system data are listed in Appendix B. This chosen system is modified to include the 
secondary system and is modeled using OpenDSS software [31] which is a common tool 
in performing Forward/Backward sweep power flow method in distribution system. The 
system includes primary feeders serving spot and distributed loads.  
 
Fig.3.5: IEEE 34-Bus Standard Test Distribution System [30]. 
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Since charging second generation PBEV is expected to occur at the consumer’s level, the 
test system is modified by introducing a complete model of SDS (distribution transformers, 
SLs, and SDs) down to the consumer’s level. In this work, the distributed loads on three 
feeders are modeled by adding intermediate nodes at one quarter of the feeder length )(l
and at which two-thirds of the load are placed, while the remaining one-third is placed at 
the end of the feeder as illustrated in Fig. 3.6. The distributed loads are represented as 
















































Fig. 3.6: Exact Lumped Load Model Representation of Distributed Load in Primary. 
Since the exact lumped load model is developed, spot loads at three primary nodes (node 
822, node 846ʹ, and node 862ʹ) are replaced by three center-tapped distribution 
transformers (depicted in Fig. 3.7 [1]) one 50 kVA at node 822 and two 25 kVA one for 




match the equivalent spot load replaced on the primary.  For example, the kVA of the spot 
load at 822 is calculated as kVA67.503.23 2452   and can be supplied from a 50-kVA 












                    Fig. 3.7: Center Tapped Distribution Transformer. 
3.4 Secondary distribution System 
Usually the secondary distribution system (SDS) starts from the distribution 
transformers including SLs and SDs, and ends at the consumer’s level. It steps down the 
primary voltages to the 120/240 voltage that is more suitable for consumer’s equipment’s 
through center tapped transformer. In this work, three primary nodes are replaced by three 
center tapped transformers, the transformers can feed three groups of houses (i.e., 10 
houses are supplied from 50-kVA transformer, while each of the other two 25-kVA 
transformers feeds a group of 6 houses) via triplex cable 4/0 AA SLs and 1/0 AA SDs and 
using the archetype shown in Fig. 3.8 and Fig. 3.9 respectively. Each house load is assumed 
to have median annual maximum demand of 6.64 kVA for residential dwellings with gas 




profiles are extracted from IEEE reliability test system [33]which provides yearly, 
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For 50 kVA center tapped distribution transformer, the primary impedance 0Z and the 
secondary impedances 1Z  and 2Z  are computed as explained in more details in Appendix 
A. The transformer turns’ ratio nt  is defined in terms of the primary voltage pV and half 
the secondary voltage sV  (i.e., 120 V) and is nt  = 7200/120 = 60. The transformers 
matrices TA  and TB  for the distribution transformer can be computed using the turns’ ratio 
and the primary and secondary impedances in Appendix A.  





































































t          (3.4.2) 















































td                                                  (3.4.4) 
 For service lines (SLs), since they are 4/0 AA triplex with 125 ft length, the phase 
matrix can be computed as explained in Appendix A using Carson’s formula followed by 




















The ABCD transformation matrices for SLs are 


















SLC                                        (3.4.6) 
 Service drops (SDs) are 1/0 AA triplex with same parameters as SLs except the 
line length is set to be random between 80 and 100 ft.  Therefore by following the procedure 
identical to SLs, the phase impedance and ABCD matrices for SDs can be easily computed.   
Since all ABCD matrixes for the distribution transformers, service lines, and service drops 
are computed, forward / backward sweep power flow can be applied in order to solve for 
































Fig. 3.10: Cascaded Two-Port Networks for Forward/Backward Sweep Power Flow. 
 
Referring to Fig.3.10, the voltages from the forward sweep equations are computed as 
follows: 






































                                                                  (3.4.7) 




















































































                                                     (3.4.9) 
Once the voltages are obtained from the forward sweep, the currents can be found from the 






























































































4. Distribution Transformer Insulation Aging 
4.1 Introduction 
This chapter discusses the thermal modelling of the distribution transformer to estimate 
its life time. The chapter highlighted the most important thermal parameters affecting LOL 
by introducing the impact on distribution transformer hot-spot temperature and then 
presenting the LOL mathematical formulations. 
4.2 Distribution transformer hot-spot temperature 
According to IEEE Standard C57.91-2011[34], the winding hottest-spot temperature
H is identified as the main factor contributing to the deterioration of the transformer’s 
insulation. Therefore, in order to predict the transformer’s insulation LOL, the components 
making the winding hottest-spot temperature must be first computed from the following 
equation:  
                                                       HTOAH                                             (4.1.1) 
where A is the average ambient temperature during the load cycle under study, TO  is the 
top-oil rise over ambient temperature and
H is the winding hottest-spot rise over top-oil 
temperature. The top-oil rise over ambient temperature 
TO depends on the ultimate top-
oil rise over ambient temperature
UTO,
 , the initial top-oil rise over ambient temperature
iTO,
 , and the oil constant time
TO
  as illustrated in equation (4.1.2) 










                         (4.1.2) 
Referring to [34], the ultimate top-oil rise over ambient temperature 
UTO,
 can be computed 
using the top-oil rise over ambient temperature at rated load 
RTO,



















                                    (4.1.3)     
where 
U
K  is the ratio of ultimate load to rated load in per-unit, R  is the ratio of load loss 
at rated load to no-load loss, and n  is an empirical exponent to determine the variation of 
TO
  with changes in load. The initial top-oil rise over ambient temperature 
iTO,
  can be 



















                                      (4.1.4) 
where 
i
K  is the ratio of initial load to rated load in per-unit. On the other hand, the winding 
hottest-spot rise over top-oil temperature 
H  can be computed according to: 










                                (4.1.5) 
and it depends on the ultimate winding hottest-spot rise over top-oil temperature
UH ,
 , the 
initial winding hottest-spot rise over top-oil temperature 
iH ,
 , and the winding time 
constant at hottest- spot location (hour). The ultimate winding hottest-spot rise over top-
oil temperature 
UH ,
 can be computed using the winding hottest-spot over top-oil 
temperature at rated load 
RH ,
 and the ratio of ultimate load to rated load (
U
K ) based on 
the following equation: 






                                                   (4.1.6) 
where m  is an empirical exponent to count the variation of 
H




The initial hottest-spot rise over top-oil temperature 
iH ,
 can be computed as follow: 






                                                 (4.1.7) 
where 
RH ,
  is the winding hottest-spot over top-oil at rated load and iK  is the ratio of 
initial load to rated load. The flow chart in Fig.4.1 can briefly explain all the necessary 
steps in computing the winding hottest-spot temperature H . 
 
Fig. 4.1: Flow Chart Shows the Needed Steps to Compute the Winding Hottest-Spot 







According to [35] and [36],  tables 4.1 and 4.2 list the thermal parameters of 50 kVA and 
25 kVA distribution transformers respectively which are used in this study to estimate 
transformer’s insulation life. 
Table 4.1 
Thermal Parameters for 50 KVA Transformer 
Parameters Value 
Top-oil rise over ambient at rated load  (
RTO,
 )    53 C  
Winding time constant at hot-spot location ( w ) 
Hottest-spot conductor rise over top-oil temperature, at rated load (
RH ,
 ) 
  0.08 hours 
 
 27 C  
Ambient temperature ( A )  30 C  
Oil thermal time constant for rated load ( To )  6.86 hours 
Ratio of load loss at rated load to no-load loss ( R )  4.87  
Exponent of loss function vs. top-oil rise ( n )  0.8 
















Thermal Parameters for 25 KVA Transformer 
Parameters Value 
Top-oil rise over ambient at rated load  (
RTO,
 ) 38.3 C  




20.3 C  
Ambient temperature ( A ) 30 C  
Oil thermal time constant for rated load ( To ) 150 minutes 
Winding time constant at hot- spot location ( w )  
Ratio of load loss at rated load to no-load loss ( R ) 
6 minutes 
5.56  
Exponent of loss function vs. top-oil rise ( n ) 0.8 
Exponent of load squared vs. winding gradient ( m ) 0.8 
 
4.3 Distribution transformer loss of life calculations  
The transformer’s aging can be estimated using the winding hottest-spot temperature H
by computing the aging acceleration factor (FAA) according to 











                                                 (4.2.1) 
The aging acceleration factor is then aggregated over all time intervals jt and is used to 
computed the aggregated aging acceleration factor (FEQA) for j = 1, 2, ….., J  
where J is the total number of time intervals. 


























The transformer’s insulation LOL in percent can be estimated using the equivalent aging 
factor (FEQA) and the total time period in hours (t) assuming the normal insulation life (LN) 
to be 180,000 hours. According to [34], during the normal operation of the transformer  
LOL in percent per year was assumed to be  5 % . 




























5. Monte Carlo Method 
5.1 Introduction 
This chapter is intended to introduce MC method which is necessary in modeling the 
second generation PBEVs charging demand at the distribution system level. In previous 
chapters, modeling the distribution system including primary and secondary systems and 
transformer’s thermal model were discussed and investigated. In this chapter, a more in 
depth regarding MC method is introduced and presented.     
5.2 History of Monte Carlo method 
Monte Carlo (MC) methods usually rely on random number generation to 
probabilistically simulate a stochastic process through a large number of trails. According 
to [37], originally MC method started in 1940s when the scientists Stanislaw Ulam, 
Nicholas Metropolis, and John von Neumann were hired to work on a secret nuclear 
weapon project (Manhattan Project) in Alamos National Laboratory. During this period 
while the scientists were working in the lab, they invented a new mathematical method 
which then become known as MC method. The scientist Stanislaw Ulam named the method 
by MC according to Monte Carlo casinos which are located in Monaco, France. The city 
of Monaco is located in south of France which is common for car racing, casinos, and 
beaches. However, the team then created a model of system including input variables and 
a series of algorithms but unfortunately it was very complicated to be solved analytically. 
It is found that in order to solve the model, they need to run it many times as random 
sampling. Having the randomness nature of each input generates random outcomes which 
hence provide thousands of samples and outcomes for each output variable. Therefore a 




Neumann then proposed a solution by computing pseudo random numbers using a middle-
square method. Despite this method had many mistakes, it was the fastest among that time. 
During 1940s, MC method became a prominent tool in developing the hydrogen bombs 
and therefore it was funded and circulated by the Rand Corporation and the United States  
Air Force which are considered two of the top organizations around the world.  
In the early time, multiple physical methods such as rolling dice, roulette wheels, shuffling 
cards, and flipping coins have been used to generate random numbers; however, these 
methods may not be applied when a huge amount of random numbers is needed to be 
generated. In 1947, a set of random numbers was generated by the Rand Corporation using 
the computer to be connected to an electronic roulette type device. In 1950, when the 
computers with high speed capability have emerged, multiple improvements have led to 
develop different ways of generating a large group of random numbers. During 1990, the 
solver application for spreadsheet, which then led to Microsoft’s Excel Solver, was 
presented by Frontline to be used in solving nonlinear and linear problems. In 2000, 
Microsoft Excel Solver produced new version with MC simulation where the user can 
perform many number of trails from probability distribution automatically. In 2006, a new 
feature was added by Excel called RISK Solver Engine for performing instant MC 
simulation. 
5.3  Inverse transform method  
       In this thesis, because the charging process of second generation PBEVs involves 
many uncertainty such as home arrival time (HAT) and daily distance travelled, MC 
method is applied using the CDFs for HAT and daily distance travelled. In MC, any random 




transform. A continuous random variable Z having a probability density function f and a 
cumulative probability density function (CDF), F can be expressed according to [38] as 
follow 




dttfZF )()(                                             (5.3.1) 
By setting )(ZFU  , where U is a random variable distributed from a uniform )1,0(U , the 
inverse of F is used to solve for Z as follow: 




                                                            (5.3.2) 
Since the HAT and daily distance travelled variables according to NHTS survey [28] 
generate discrete functions, the inverse transform for discrete random variable is used and 
can be formulated in a similar way to the inverse transform for continuous variable except 
the integral is replaced by a discrete sum. For a discrete random variable  which can take 
on   distinct values, {  ,........,2,1 } with probability   )(P  for  ,.......,1 the 
inverse transform uses a random number generator )1,0(U and accordingly,  is set  if  
                                                 )( 1F <U )( F                                           (5.3.3)  
















F                         (5.3.4) 
Following the inversion method and according to CDFs, the real quantities of the daily 
distance travelled and HAT are computed where they are considered significant factors in 
estimating the required energy of charging second generation PBEVs. After adding these 




explained in chapter 3 is applied to solve for the voltages at all secondary nodes and the 
currents in all secondary lines. 
 
The voltage pV  and current pI  at the primary of the distribution transformers are computed 
in each trail n  of MC. After a large number of trails ( =1000 set according to [1] ), the 
mean values of pV  and pI  are computed as follow: 






















II                                             (5.3.5) 
Then the mean apparent power at the distribution transformer of all MC trials can be 
computed using the mean voltage and current according to  
                                           






















I                              (5.3.6) 
In order to determine if the transformers overload, the apparent power at the transformer 
pS  is compared to its own rating and the overload (if any) is recorded. Based on the 
computed values of the apparent power at the distribution transformers level for 24 hours 
the transformer’ LOL can be estimated.   
5.4 What IF scenarios 
The work presented in this thesis considers two plug-in battery electric vehicles 
penetration levels (i.e., 0% and 100%) representing no vehicles and 1 vehicle/ house 
respectively. Also the study considered dual level 2 charging (i.e., 3.7 and 6.6 kW). The 
three scenarios as shown in table 5.1 are repeated for all second generation vehicle make 
as shown in table 5.2. For the sake of comparison, a few of first generation of vehicle make 







Plug-in Battery Electric Vehicles Charging Scenarios Used 
 in Monte Carlo 
 
The work here investigated four main time based charging of PBEVs and summarized in 
the following 
1- One-Cluster Charging at 7 P.M.: according to TOU prices in Ontario, Canada, the 
off-peak periods start at 7 P.M. and ends at 7 AM as shown in Fig.5.1 [9]. Therefore, 
most of the consumers will try to take advantage of the reduced electricity prices, 
and hence this time-based charging assumes that all vehicles will start charging at 
7 P.M. as one cluster.  
 
       Fig. 5.1: TOU Prices in Ontario, Canada. 
 
Scenario  PBEV Penetration (%) PBEV Charging Level 
1 0 % N/A 
2 100 % Level 2 (6.6 kW) 




2-  One-Cluster Charging at 12 A.M.: this time-based charging assumes that all 
vehicles will start charging at midnight as one cluster, again to take advantage of 
the reduced electricity prices. 
Table 5.2 









3- Vehicles’ Charge according to HAT: this time-based charging assumes that the 
vehicles will start charging once the vehicle’s owner return home from work 
according to the CDF in Fig.3.2 as illustrated in chapter 3. 
4-  Two-Cluster Smart Charging (SC): this time-based charging assumes that the 
vehicles are grouped evenly into two clusters which start charging during overnight 
while taking into consideration that the vehicles stop charging by 7 A.M as depicted 















Nissan/LEAF Second 24 0.3 84 
Tesla/Roadster First 53 0.28 244 
Tesla/S Second 85 0.38 265 
Toyota/RAVEV First 27.4 0.43 95 
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Fig. 5.2: PBEVs Charging as Two Clusters at 3.7 kW. First Cluster Starts at 10 P.M. 
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Fig. 5.3: PBEVs Charging as Two Clusters at 3.7 kW. First Cluster Starts at 11 P.M. 
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Fig. 5.4: PBEVs Charging as Two Clusters at 3.7 kW. First Cluster Starts at 12 
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Fig.5.5: PBEVs Charging as Two Clusters at 6.6 kW. First Cluster Starts at 11 P.M. 
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Fig.5.6: PBEVs Charging as Two Clusters at 6.6 kW. First Cluster Starts at 12 A.M. 














The flowchart shown in Fig.5.7 explains the steps needed in implementing MC 
simulation regarding this thesis. 
Initialize electric distribution 
system parameters and compute 
ABCD matrices 
Start 
Input residential load profile ,number of houses, 
PBEVs specification, and start charging time
Generate uniform random 
number [0,1] for each PBEV 
Trail= 1
Scenario=1
Generate daily distance driven for 
each PBEV using inverse 
transform method according to 
CDFs
Compute the required energy as 
explained in Fig.3.3 
Randomly add PBEVs load profile 
to the assigned house load
Perform hourly Backward/



















6. Results and discussion 
6.1 Introduction  
The purpose of this chapter is to analyze and discuss the results of applying MC 
simulation in evaluating the impact of second generation PBEVs charging demand on the 
distribution transformer’ insulation life. The presented analysis particularly focuses on the 
effect of using different charging times when second generation PBEVs charging in order 
to extend the life time for the distribution transformers. This chapter started by discussing 
the impact of second generation PBEVs charging demand, then different charging 
scenarios are simulated and analyzed followed by discussions of the results.   
6.2 Impact of Second Generation PBEVs 
According to Fig.6.1, the impact of second generation PBEVs on the yearly LOL in 
50- kVA distribution transformer compared to first generation PBEVs is depicted.  
 
Fig.6.1: Effect of First Generation and Second Generation PBEVs Charging at 7 
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It can be observed from Fig.6.1 that the yearly percentage LOL is doubled in case of second 
generation Tesla (i.e., Tesla S) compared to first generation (i.e., Tesla Roadster), while 
both first generation and second generation Toyota RAVEV seem to cause almost the same 
LOL. Also, it can be noted from Fig. 6.1 that 6.6-kW charging can cause more impact 
compared to 3.7 kW. For example, the use of 6.6 kW can triple the LOL in the 
transformer’s life in case of Tesla, while it can quadruple the LOL in case of Toyota RAV 
EV.  
6.3 Effect of Time- of Use Prices  
The effect of the time at which second generation PBEVs start charging as one cluster 
using level 2 (3.7 and 6.6 kW) is listed in table 6.1. Visual inspection of the table reveals 
that, in general, the time at which the vehicles start charging may significantly affect the 
transformer’s LOL. The largest impact is seen when all vehicles start charging at 7 P.M. 
(despite this is the start of the off-peak period) reaching 21.09% in case of Nissan LEAF, 
30.6847 % in case of Tesla S, and 41.54% in case of Toyota RAVEV. On the other hand, 
when all vehicles start charging at midnight during TOU (i.e., 12 A.M.) as one cluster, the 
impact on LOL is slightly less compared to that of 7 P.M.   
Table 6.1 
50 kVA Transformer’s Yearly LOL in Percent in Case of Second Generation 
PBEVs Considering TOU and HAT 
 
Make 7 P.M  12 A.M HAT 
 3.7 kW 6.6 kW 3.7 kW 6.6 kW 3.7 kW 6.6 kW 
Nissan/LEAF 6.51 21.09 3.07 15.99 2.90 3.11 
Tesla/S 8.25 30.68 4.00 23.85 4.07 4.35 




For example, in case of Tesla S when charging from Level 2 at 6.6 kW, the yearly LOL 
drops from 30.68% to 23.85%, while in case of 3.7 kW, the LOL drops from 8.25% to 
4.00%. In general, the least impact seen on LOL is found to be when vehicles are charged 
based on the assumption that all vehicle’s owners will charge their vehicles once they 
return home from work according to CDF for HAT as described in chapter 3.  
Table 6.2 
25 kVA Transformer’s Yearly LOL in Percent in Case of Second Generation 
PBEVs Considering TOU and HAT 
 
Also the LOL results for 25 kVA transformer listed in table 6.1 confirm the observation 
that is made, it can be noticed from the table that the largest impact occurred when all the 
vehicles start charging at 7 P.M reaching 24.13 % in case of Nissan LEAF, 42.74 % in case 
of Tesla S, and 76.32 % in case of Toyota RAVEV. In contrast, it can be noted that the 
least impact on transformer’s LOL is seen when all the vehicles start charging as one cluster 
according to HAT, which again confirms the same observation in case of 50 kVA 
transformer. Furthermore, it can be inferred from the LOL results in case of 25 kVA and 
50 kVA which are listed in tables 6.1 and 6.2 that in case of using level 2 (3.7 kW) LOL 
results will be less compared to level 2 (6.6 kW). For example, in case of Nissan LEAF 
when all vehicles start charging at 7 P.M, LOL results drop from 24.13 % to 7.92 % when 
all the vehicles are charged using level 2 (3.7 kW) instead of level 2 (6.6 kW).   
Make 7 P.M  12 A.M HAT 
 3.7 kW 6.6 kW 3.7 kW 6.6 kW 3.7 kW 6.6 kW 
Nissan/LEAF 7.92 24.13 2.48 18.80 2.74 2.99 
Tesla/S 13.47 42.74 3.47 34.16 4.05 4.06 




6.4 Smart Charging  
Despite the vehicles’ charging according to HAT having less impact on LOL, not all 
consumers will have the opportunity to take advantage of the reduced electricity prices 
during off-peak period, which makes the practicality of PBEV charging according to HAT 
become questionable. Therefore, in order to allow vehicles’ owners to take advantage of 
TOU prices while maintaining the LOL values within its normal operational limit ( 5 % 
per year or below ), the vehicles are grouped into two clusters and each cluster starts 
charging at different hours but during the off-peak period (i.e., 7 P.M. to 7 A.M.) and 
following to TOU [9]. Table 6.3 lists the LOL obtained in case of 50 kVA transformer for 
second generation PBEVs when charging at Level 2 (3.7 kW) but when the vehicles are 
grouped into two clusters. The first cluster (50 % of all vehicles) start charging at 10 P.M, 
11 P.M, and 12 A.M respectively, while the second cluster (the remaining vehicles) starts 
charging at night (i.e., 1 A.M). For example, when charging time (10 P.M to 1 A.M) is 
selected, it means that the first cluster start charging at 10 P.M till the battery is full charged 
while the second cluster start charging at 1 A.M.  Note that since the three charging timings 
listed in table 6.3 for 3.7 kW chargers provide almost same LOL results, only the results 
of one timing (10 P.M. to 1 A.M.) are presented here. 
Table 6.3 
Percentage Yearly LOL in 50-kVA Transformer in Case of Two – Cluster Second 
Generation PBEVs and 3.7 – kW Level 2 Charging  
Vehicle 10 P.M to 1 A.M 11 P.M to 1 A.M 12 A.M to 1 A.M 
Nissan LEAF 2.00 2.11 2.08 
Tesla S 2.37 2.37 2.34 




Also when level 2 (6.6 kW) is used the vehicles are grouped into two clusters and the 
impact on LOL results is listed in table 6.4. Again since the two charging timings are 
similar, the LOL results of only one timing (11 P.M to 3 A.M) are presented here. 
Table 6.4 
Percentage Yearly LOL in 50-kVA Transformer in  
Case of Two – Cluster Second Generation PBEVs and 6.6 – kW  






Figures 6.2 to 6.4 show the effect of one cluster versus two-cluster charging on LOL for 
each vehicle’s make (e.g., Nissan, Tesla, and Toyota) and for dual Level 2 charging (e.g., 
3.7 and 6.6 kW). It can be observed from the figures that grouping the vehicles into two 
clusters can significantly reduce the LOL compared to one cluster. For example, in case of 
Tesla S as depicted in Fig.6.3, the effect of two-cluster charging (from 10 P.M. to 1 A.M.) 
which is labeled smart charging (SC) reduced the LOL to 2.37% instead of 8.25% and 
4.00% in case of one-cluster charging at 7 P.M. and at 12 A.M., respectively. Also the same 
observation is confirmed when second generation PBEVs charging using SC at level 2 (6.6 
kW) instead of level 2 (3.7 kW). For example, in case of Nissan LEAF as depicted in 
Fig.6.2, the LOL is reduced to 2.26% (11 P.M to 3 A.M) in case of two clusters charging 
instead of 21.09% and 15.99% in case of one-cluster charging at 7 P.M and 12 A.M, 
respectively.  
Vehicle 11 P.M to 3 A.M 12 A.M to 3 A.M 
Nissan LEAF 2.26 2.26 
Tesla S 2.77 2.74 





Fig.6.2: Yearly LOL in 50- kVA Transformer in Case of One and Two Clusters of 
Nissan LEAF Using TOU and HAT.  
Visual inspection of the figures reveals that the two-cluster charging labeled SC can 
significantly reduce the impact on LOL especially in case of 6.6 kW chargers for all 
vehicles. For example, in case of Nissan LEAF, the LOL is reduced from 6.51% at 7 P.M 
to 2.01 % using SC for 3.7 kW chargers, while in case of 6.6 kW chargers, LOL is reduced 
from 21.09% at 7 P.M. to 2.26% using SC. Moreover, the figures imply that for all vehicles 
make the two clusters, SC was able to keep the LOL values below that of HAT for both 
3.7 kW and 6.6 kW chargers and hence extending the lifetime of the transformer. This 
observation can be seen in all different vehicles make depicted in the figures above, for 
example, in case of Toyota RAVEV, the LOL is reduced from 4.71 % and 5.39 % at HAT 




































Fig.6.3: Yearly LOL in 50- kVA Transformer in Case of One and Two Clusters of 
Tesla S Using TOU and HAT. 
   
Fig.6.4: Yearly LOL in 50- kVA Transformer in Case of One and Two Clusters of 






































































For 25 kVA transformer, tables 6.4 and 6.5 list LOL results considering two- cluster 
charging at 3.7 and 6.6 kW, respectively. The same charging timings selection for 50 kVA 
is repeated again for 25 kVA and also because the charging timings are similar, only one 
time is used, (10 P.M to 1 A.M) for 3.7 kW and (11 P.M to 3 AM) for 6.6 kW.  
Table 6.5 
Percentage Yearly LOL in 25-kVA Transformer in Case of Two – Cluster Second 
Generation PBEVs and 3.7 – kW Level 2 Charging  
 
Table 6.6 
Percentage Yearly LOL in 25-kVA Transformer in  
Case of Two – Cluster Second Generation PBEVs and 6.6 – kW  





The tables imply that the two-cluster charging can significantly reduce LOL which 
confirms the same observation that was made in case of 50 kVA transformers. Also the 
figures 6.5 to 6.7 depict the LOL in 25 kVA transformer for each vehicle make using 
different charging times and the results show the effectiveness of SC using two-cluster 
charging in reducing the LOL of 25 kVA transformer compared to one-cluster charging. 
For example, according to Fig. 6.7 in case of Toyota RAV EV using SC was found to 
Vehicle 10 P.M to 1 A.M 11 P.M to 1 A.M 12 A.M to 1 A.M 
Nissan LEAF 1.57 1.50 1.42 
Tesla S 1.90 1.86 1.68 
Toyota RAV EV 2.19 1.79 1.83 
Vehicle 11 P.M to 3 A.M 12 A.M to 3 A.M 
Nissan LEAF 1.39 1.57 
Tesla S 2.12 2.12 




reduce the LOL from 76.32 % at 7 P.M to 2.48 % for 6.6 kW chargers, while in case of 3.7 
chargers, the LOL is reduced from 17.7 % to 2.19 %. Also it can be observed from Fig.6.5 
to Fig.6.7 that SC was able to bring the LOL values to be less than that of HAT in all 
vehicle make. For example, in case of Nissan LEAF as shown in Fig. 6.5, SC was able to 
reduce the LOL from 2.74 % to 1.57 % in case of 3.7 kW chargers, while in case of 6.6 
kW chargers, LOL is reduced from 2.99 % to 1.39 %.    
 
Fig.6.5: Yearly LOL in 25- kVA Transformer in Case of One and Two Clusters of 






































Fig.6.6: Yearly LOL in 25- kVA Transformer in Case of One and Two Clusters of 
Tesla S Using TOU and HAT. 
 
Fig.6.7: Yearly LOL in 25- kVA Transformer in Case of One and Two Clusters of 







































































It can be inferred from all the figures above that the largest impact on LOL is seen 
when all the vehicles start charging as one cluster at 7 P.M in case of Toyota RAV EV 
for 6.6 kW chargers and 25 kVA transformer by reaching 76.32 %. 
6.5 Discussion  
The LOL results show that the impact of second generation PBEVs charging demand, 
which is due to the extended electric driving range of the on-board battery capacity, can be 
reduced by changing the time when the vehicles start charging. Following the probabilistic 
estimation of the PBEVs charging demand on the LOL of distribution transformers in case 
of second generation PBEVs versus first generation PBEVs, it is observed that the yearly 
percentage LOL is doubled in case of second generation Tesla (i.e., Tesla S) compared to 
first generation (i.e., Tesla Roadster), while both first generation and second generation 
Toyota RAVEV seem to cause almost the same LOL. The main reason for this is due to 
the energy consumption of each vehicle’s battery which is a significant factor in estimating 
the required energy from the grid. The required energy by the onboard battery may increase 
the hours where the transformer is experiencing overload which may negatively affect its 
insulation life time. For example, the difference in energy consumption in Tesla S (0.38 
kWh/mile) and Tesla Roadster (0.28 kWh/mile) explains why the impact of Tesla S is more 
compared to Tesla Roadster.  
The work presented in this thesis also quantified the impact on LOL when all the 
vehicles charge as one cluster according to TOU and HAT. It is noted that the largest effect 
on LOL was seen when all the vehicles start charging at 7 P.M which is the start of the off-
peak period. This is because at 7 P.M., the load demand is still considered high and 




increases the LOL on the transformer. On the other hand, when all the vehicles start 
charging at midnight (i.e., 12 A.M), the impact on LOL is less compared to 7 P.M which 
mainly due to the reduction in load demand. Also it was found that the least impact of 
charging all the vehicles as one cluster is seen when they are charged according to HAT. 
In this case, the vehicles’ charging demand seen at the transformer becomes diversified 
which explains the reduction in LOL values compared to that at 7 P.M and 12 A.M.  
This thesis presented the smart charging (SC) approach by grouping all the vehicles 
into two clusters where each cluster start charging at a different hour following TOU. It 
can be observed from the previous subsection that grouping the vehicles into two clusters 
can significantly reduce the LOL compared to one cluster (7 P.M, 12 A.M, and HAT) due 
to the diversity introduced in charging. Furthermore, SC can bring LOL values below that 
of HAT for both 3.7 kW and 6.6 kW chargers which may extend the life time of the 
transformer. The reason for this is due to the reduction in load demand and the diversity in 
charging, while in case of HAT, the vehicle’s owners start charging their vehicles once 
they return home whether during on-peak or off-peak.  
From the LOL results of 50 kVA and 25 kVA transformers the largest impact on LOL 
was found when all vehicles in case of Toyota RAV EV are charged as one cluster at 7 
P.M reaching 76.32 % for 25 kVA transformers and 6.6 kW chargers. The reason for this 
is due to the energy consumption in case of Toyota RAV EV, the high rated power of the 
charger (6.6 kW), and the high load demand at 7 P.M.  
The LOL results for both 50 kVA and 25 kVA transformers considering dual level 2 
(i.e., 3.7 kW and 6.6 kW) have shown that SC can successfully keep the LOL to low values 




7. Conclusion and Recommendation 
7.2 Conclusion  
In this thesis, Monte Carlo method is applied in order to evaluate the impact of PBEVs 
in distribution system by addressing all the uncertainty issues. Specifically, the impact of 
second generation PBEVs’ charging on LOL of distribution transformer was investigated 
considering dual level 2 charging: 3.7 kW and 6.6 kW and PBEVs penetration levels (0 % 
and 100%). Also the effect of charging second generation PBEVs as one cluster versus two 
clusters during the off-peak periods following TOU prices has been studied. The analysis 
in this work considered 25 kVA and 50 kVA distribution transformers and three different 
vehicle make (i.e., Nissan LEAF, Tesla, and Toyota RAV). The main findings from the 
presented analysis in this thesis are summarized in the following key points: 
1) The results have shown that second generation PBEVs can almost double LOL 
compared to first generation PBEVs. The effect of charging Tesla S at 6.6 kW can 
triple LOL, while charging Toyota RAV EV at the same charging level can 
quadruple the LOL.  
2) The results have shown that the effect of charging the vehicles as one cluster during 
off-peak periods was found to cause more impact on LOL compared to when 
charging the vehicles according to HAT. The largest impact on LOL was seen when 
all vehicles are charged as one cluster at 7 P.M. Also the results have shown that 
charging the vehicles as one cluster at midnight may slightly reduce the LOL to be 
23.83% instead of 30.68% in case of Tesla S for 50 kVA and 6.6 kW chargers. 
3) The results revealed that charging PBEVs as two clusters as opposed to one cluster 




the LOL for 50 kVA transformer to 2.37% in case of Tesla S instead of 23.85% and 
30.70% when charged as one cluster at 12 A.M. and 7 P.M., respectively. 
4) The results have shown that when charging the vehicles as two clusters, the LOL 
can be reduced to be even less than that of HAT. The LOL results obtained for 25 
kVA transformer support the conclusions drawn from the results of 50 kVA 
transformer despite the 25 kVA has shown to experience more impact due to second 
generation PBEVs’ charging compared to 50 kVA transformer. 
5) LOL results have shown that the largest impact on LOL was found when all the 
vehicles are charged as one cluster at 7 P.M reaching 76.32 % in case of Toyota 
RAV EV using 6.6 kW chargers and 25 kVA transformers. 
7.3  Recommendation  
A group of recommendations is made following the analysis presented in this thesis. 
Considering the complexity of modeling the electric vehicles loads, this work can be 
expanded to accurately evaluate the impact of PBEVs by employing more survey data 
involving load power demand when all vehicles are only PEVs. If the vehicle’s owners 
requires to start charging their vehicles as one cluster at 7 P.M, transformer’s insulation 
life time will be significantly affected and it is recommended to upgrade its rating to the 
next available rating. This thesis successfully approved that two cluster charging is the best 
option for extending the life time of the transformer and therefore, it is recommended that 
utility companies stimulate the vehicle’s owners to start charging their vehicles following 






7.4 Future Work 
The work in this thesis clearly show that the impact of charging second generation 
PBEVs on LOL can be mitigated considering the time and rate at which vehicles charge. 
More investigation as a means of minimizing transformer’s LOL, maximizing vehicle’s 
battery capacity and penetration levels, optimization method can be applied in order 
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Appendix A  Secondary distribution System Impedance 
Calculations  
The following presents how to calculate the impedances of the distribution transformer and 
the phase impedance of secondary service lines. 
1) Center-tapped transformer: the transformer is rated 50 kVA, 7200-120/240 V 
with winding resistance and reactance %014.1AR and %724.1AX , respectively. 
The primary impedance 0Z and the secondary impedances 1Z and 2Z are computed 
following [27]. 
%3791.1507.08.05.00 jXjRZ AA                                                         (A.1)                    
            %6895.0014.14.021 jXjRZZ AA                                                      (A.2) 
 If the base impedances at the high-voltage side and the low-voltage side are  
 8.103650/10002.7, 2 HBaseZ Ω   
 288.050/100012.0, 2 xBaseZ Ω 
 The actual primary and secondary impedances are as follows: 
 299.14257.5100/5.1036)%3791.1507.0(0 jjZ  Ω  
             00199.000292.021 jZZ  Ω                                                                                 (A.3) 
2) Secondary SLs: Given the conductor 0.0111ftGMRi  , diameter 368.0SLd inch, 
resistance 97.0ir Ω/mile and insulation thickness T=80 mil or 0.08 inch, the 
spacing between the triplex conductors as depicted in Fig. A.1 is computed as  
ftTdD SL 044.0.212  . 






Fig. A.1: Spacing in Triplex Conductors 













jrzp                                            (A.4) 













jzp                                                        (A.5) 
3417.10953.02112 jzpzp   Ω/mile 





















zp                  (A.6) 
Using Kron reduction, the phase impedance matrix of the SL can be computed as 
        5280/1251   njnninijSL zpzpzpzpZ  



















Appendix B  IEEE 34-Bus Standard Test Distribution System Data 
Table B.1    Line Segment Data 
Node A Node B Length (ft.) Config. 
800 802 2580 300 
802 806 1730 300 
806 808 32230 300 
808 810 5804 303 
808 812 37500 300 
812 814 29730 300 
814 850 10 301 
816 818 1710 302 
816 824 10210 301 
818 820 48150 302 
820 822 13740 302 
824 826 3030 303 
824 828 840 301 
828 830 20440 301 
830 854 520 301 
832 858 4900 301 
832 888 0 XFM-1 











Node A Node B Length (ft.) Config. 
834 842 280 301 
836 840 860 301 
836 862 280 301 
842 844 1350 301 
844 846 3640 301 
846 848 530 301 
850 816 310 301 
852 832 10 301 
854 856 23330 303 
854 852 36830 301 
858 864 1620 303 
858 834 5830 301 
860 836 2680 301 
862 838 4860 304 




Table B.2    Overhead Line Configuration Data  
 
Table B.3    Transformer Data 
  










Config. Phasing Phase ACSR Neutral ACSR  Spacing 
300 B A C N  1/0  1/0 500 
301 B A C N #2  6/1 #2  6/1 500 
302 A N #4  6/1 #4  6/1 510 
303 B N #4  6/1 #4  6/1 510 
304 BN #2  6/1 #2  6/1 510 
 kVA kV-high kV-low R - %  X - % 
Substation 2500 69-D  24.9 - Gr. W  1 8 
XFM - 1 500 24.9 – Gr. W 4.16 – Gr. W 1.9 4.08 
Node Ph-A Ph-B Ph-C 
 kVAr kVAr kVAr 
844 100 100 100 
848 150 150 150 




Table B.5    Regulator Data 
 























R X Voltage 
Level 
1 814-850 814 A-B-C 2.0 V 120 100 2.7 1.6 122 
2 852-832 852 A-B-C 2.0 V 120 100 2.5 1.5 124 
Node Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-4 
 Model kW kVAr kW kVAr kW kVAr 
860 Y-PQ 20 16 20 16 20 16 
840 Y-I 9 7 9 7 9 7 
844 Y-Z 135 105 135 105 135 105 
848 D-PQ 20 16 20 16 20 16 
890 D-I 150 75 150 75 150 75 
830 D-Z 10 5 10 5 25 10 









Node  Node  Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-3 
A B Model kW kVAr kW kVAr kW kVAr 
802 806 Y-PQ 0 0 30 15 25 14 
808 810 Y-I 0 0 16 8 0 0 
818 820 Y-Z 34 17 0 0 0 0 
820 822 Y-PQ 135 70 0 0 0 0 
816 824 D-I 0 0 5 2 0 0 
824 826 Y-I 0 0 40 20 0 0 
824 828 Y-PQ 0 0 0 0 4 2 
828 830 Y-PQ 7 3 0 0 0 0 
854 856 Y-PQ 0 0 4 2 0 0 
832 858 D-Z 7 3 2 1 6 3 
858 864 Y-PQ 2 1 0 0 0 0 
858 834 D-PQ 4 2 15 8 13 7 
834 860 D-Z 16 8 20 10 110 55 
860 836 D-PQ 30 15 10 6 42 22 
836 840 D-I 18 9 22 11 0 0 
862 838 Y-PQ 0 0 28 14 0 0 




Table B.7    Distributed Load Data (Continued) 
 
Node  Node  Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-3 
A B Model kW kVAr kW kVAr kW kVAr 
844 846 Y-PQ 0 0 25 12 20 11 
846 848 Y-PQ 0 0 23 11 0 0 
Total    262 133 240 120 220 114 
